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Abstract

Two-phase flows were investigated by using
high velocity nitrogen gas streams to atomize small-
diameter liquid jets. Tests were conducted primar-
ily in the acceleration-wave regime for liquid jet
atomization, where it was found that the Toss of
droplets due to vaporization had a marked effect on
drop size measurements. In addition, four identi-
cally designed two-fluid atomizers were fabricated
and tested for similarity of spray profiles. A
scattered-light scanner, developed at NASA Lewis
Research Center, was used to measure a characteris-
tic drop diameter, D., which was correlated with
njfrogenngas flowrate, W,, in the expression

DC = kwn. DC may be exprecscd as volume median,

Dy.5, Sauter mean, D32, or volume-linear mean,
D31, drop diameter. At a distance of 2.2 cm down-
stream from the atomizer and a water flowrate of
3.%5 g/sec, Ehe fol]gwing expressions were obtained:
- .33 - 1.33 -1 1.33
Dv.5 = 240 wn , D32 = 320 wn , D31 = 400 wn s
where Dc and Wp are given in centimeters and
grams per second, respectively. The exponent of
1.33 for nitrogen gas flowrate is identical to that
predicted by atomization theory for liquid jet
breakup in the acceleration-wave regime. This is
higher than the value of 1.2 which was previously
obtained at a sampling distance of 4.4 cm down-
stream of the atomizer. The difference is attribu-
ted to the fact that drop-size measurements obtained
at a 2.2 cm sampling distance are less effected by
vaporization and dispersion of small droplets and
therefore should give better agreement with atomi-
zation theory. Profiles of characteristic drop
diameters were also obtained by making at least
five line-of-sight measurements across the spray at
several horizontal positions above and below the
center line of the spray. Comparisons of spray
symmetry of Dy 5 profiles were made for the four
identical atomizers and values of D, g5 obtained
near the spray center line were found to be consid-
erably higher than the overall values of Dy 5
obtained for the entire spray.

Introduction

In an experimental investigation of two-phase
interacting-flows, characteristic drop diameters and
spray profile data were obtained for small liquid
jets atomized with high velocity nitrogen gas
streams. A recently improved scattered-light scan-
ner, developed at the NASA Lewis Research Center,
was used to obtain the drop size data. The instru-
ment was primarily designed to study small-droplet
sprays with Sauter mean diameters in the order of
10 um. Such sprays are useful in simulating clouds
for icing research and combustion studies of rapidly
vaporizing fuel sprays. At present, very little
data are available on small-droplet sprays due to
difficulties involved ,in producing and measuring
characteristic drop sizes in the order of 10 um.

When a liquid jet is injected into an air-
stream, both atomization and vaporization can occur

simultaneously. In order to determine the initial
drop size of a spray from data obtained downstream
of an atomizer, the effect of vaporization on the
drop size must be known. In Ref. 1, the effect of
mass velocity of the nitrogen gas flow, p,V,, ON

the volume median drop diameter, Dy 5 was deter-

mined and it was found that Dy 5 ~ (onVy)~0-8 at a
sampling distance of 25 _cm downstream of the atomi-
zer. In a later study,2 values of Dy 5 were

determined at 4.4 cm downstream of the atomizer and
it was found that Dy 5~ (ppVp)~1+. The decrease

in the exponent from -1.2 to -0.8, when sampling
distance is increased from 4.4 to 25 cm, was
attributed to the effect of vaporization on the
drop size measurements.

From the study reported in Ref. 2, it was
found that drop size data should be taken as close
to the atomizer as possible in order to minimize
vaporization effects. As a result, the present
study was undertaken primarily to obtain drop size
data even closer to the atomizer orifice to deter-
mine if the exponent for p,V, would continue to

increase as axial sampling distance decreased. If
a sample were taken too close to the atomizer, how-
ever, the exponent for o,V, could also decrease
due to incomplete formation of the liquid into
droplets.

To investigate the effect of aerodynamic
forces on characteristic drop sizes of atomized
1iquid jets, the scattered-light scanner originally
described' was modified for use in the present
study. It was modified not only to measure the
overall drop size characteristics of the spray but
also to obtain several Tine-of-sight drop size pro-
files at various sampling locations downstream of
the atomizer. For this measurement, the laser beam
size was decreased and by adjusting the atomizer up
and down from the center line, at least five line-
of-sight measurements were obtained across the
spray cross section. The instrument was also used
to obtain exponents for the Rosin-Rammler and
Nukiyama-Tanasawa drop size distribution
expressions.

In the present study, values of the volume-
linear mean drop diameter, D31, were measured with
the scattered-light scanner as well as exponents
for the two drop size distribution expressions men-
tioned above. A1l of the sprays were formed in a
low velocity, 5 m/sec, airflow to aid in transport-
ing small drops through the laser beam. Liquid and
gas pressures for the atomizers were varied over a
range of 0.2 to 1.0 MPa and the resulting sprays
were sampled at distances of 2.2, 4.4, and 6.7 cm
downstream of the atomizer orifice.

Nomenclature

b drop size parameter in Nukiyama-Tanasawa
expression, cm



c drop size parameter in Rosin-Rammler expres-—

sion, cm

D¢ characteristic drop diameter measured for
entire spray, cm

Dé characteristic drop diameter for
line-of-sight measurements, cm

Dj diameter of ith drop, cm

Dy.5 volume median drop diameter, cm

D32 Sauter mean drop diameter, E:i nD?/
2:1 nDi, cm
31 volume-Tlinear mean drop diameter, [2:1 nD?/

2:. nDi]O°5, cm

i

k correlation coefficient, sec/g-cm

Np exponent for Nukiyama-Tanasawa drop size
distribution expression

Ny exponent for Rosin-Rammler drop size distri-
bution exnression

n number of droplets

v volume fraction of droplets having diameter x

W weight flow of fluid, 1b/sec or g/sec

X droplet diameter in drop size distribution

expressions, cm

X axial downstream spray sampling distance, cm
Subscripts

n nitrogen gas

W water

Apparatus and Procedure

The test section, scattered-light scanner, and
auxiliary equipment are shown in Fig. 1. Air sup-
plied at ambient temperature, 293 K, passed through
the 0.24 m inside diameter test section which
exhausted to the atmosphere. The test section was
1 m in length and a 5.08 cm diameter orifice was
used to measure airflow rate in the test section.
With a control valve, an airstream velocity of
5 m/sec was maintained in the test section to aid
in transporting small droplets through the laser
beam.

To study Tiquid jet breakup, a pneumatic two-
fluid atomizer with assist nitrogen gas flow was
used to produce clouds of small droplets. The
atomizer shown in Fig. 2 was mounted at the center
line of the 24 cm diameter duct and operated over
pressure ranges of 0.2 to 1.0 MPa for both water
and nitrogen gas. Water sprays were injected down-
stream into the airflow just upstream of the duct
exit. The sprays were sampled at distances of 2.2,
4.4, and 6.7 cm downstream of the atomizer orifice
with the 4.4 by 1.9 cm rectangular laser beam. A
diagram of the atomizers used in the present study
is shown in Fig. 3. They were designated as S-4,

S-14, S-53, and S-94 and all were fabricated from
the same design.

Water at a temperature of 293 K, measured with
an I1.C. thermocouple, was axially injected into the
airstream by gradually opening a control valve until
the desired flow rate was obtained as indicated by
a turbine flowmeter. Nitrogen gas was then turned
on to atomize the water jet and weight flowrate was
measured with a 0.51 cm diameter sharp edge orifice.
After air, nitrogen, and water flowrates were set,
volume median and other characteristic drop diame-
ters and exponents for drop size distribution
expressions were determined using the scattered-
1ight scanner. The optical system is shown in
Fig. 2. It consisted of a 1-mW helium-neon laser,

a 0.003-cm-diameter aperture, a 7.5-cm-diameter
collimating lens, a 10-cm-diameter converging lens,
a 5-cm-diameter collecting lens, a scanning disk
with a 0.05-cm slit, a timing light, and a photo-
multiplier detector.

The spatial resolution of the scattered-1ight
scanner is 2.86 cm and corresponds to the laser
beam diameter. A sufficient volume of each spray
was sampled to minimize spray pattern effects when
measuring characteristic mean drop diameters for
the entire spray. Effects of the drop size distri-
bution function on scattered-light scanner measure-
ments is discussed in detail. It was found” that
the irradiance distribution is only weakly related
to the particle diameter distribution function, and
therefore, irradiance distribution was used to
determine characteristic drop diameters and changes
in the drop size distribution function were assumed
to have a negligible effect on drop size measure-
ments. Reproducibility tests gave experimental
measurements of drop size that agreed within
+5 percent. Five sets of monosized polystyrene
spheres having diameters of 8, 12, 25, 50, and
100 um, were used to calibrate the scattered-light
scanner. A more complete description of the
scattered-1ight scanner, the mean drop diameter
range, and the method of determining mean or median
particle diameter can be found in Refs. 3 and 4.

Tests were made with four pneumatic two-fluid
atomizers fabricated from the same design and the
volume median, Dy g, the Sauter mean, D32, and the
volume-linear mean, D31, drop diameters were meas-
ured with the scattered-light scanner. The entire
cloud of droplets was sampled at three axial loca-
tions downstream of the atomizers. Also, line-of-
sight profiles of characteristic drop diameters
were obtained to determine the spatial dispersion
of the spray as a function of the nitrogen gas
flowrate, water flowrate, and the spray sampling
distance downstream of the atomizer. Drop-size
distribution exponents for both the Rosin-Rammler
and the Nukiyama-Tanasawa expressions were also
determined with the scattered-1ight scanner.

Experimental Results

The four atomizers were initially tested at an
axial downstream distance of 4.4 cm. The effect of
axial sampling distance on characteristic drop size
was then investigated and a comparison was made of
three characteristic drop size expressions.
Finally, line-of-sight profiles of the character-
istic drop diameter, Dy g5, were obtained for each
of the four atomizers. Characteristic exponents




for Rosin-Rammler and Nukiyama-Tanasawa drop-size
distribution expressions were also determined.

Comparisons of Performance of Similar Atomizers

Volume median drop diameters produced by the
four atomizers S-4, S-14, S-53, and S-94 were meas-
ured with the scattered-light scanner. A1l four
atomizers were constructed from the design shown in
Fig. 3. 1In Fig. 4(a) to (d), the reciprocal of the

volume median drop diameter 09%5, is plotted

versus nitrogen gas flowrate. Water flowrate was
varied from 3.15 to 9.46 g/sec and the drop size
data were obtained at a distance of 4.4 cm down-
stream of the atomizer. From these plots, the fol-
Jowing general expression was derived for the four

atomizers: DV1 ~ wl 2. In order to compare
their atomizing performance the following expres-
sions were derived for atomizers S-4, S-14, S-53,
and 5-94, 0.t - 1.2 p-1

respectively: 310 w D =
1. 2

D—l

v.h ~

1.2 -1 1.2

293 W 5 = 277 W.°", and DV.S 300 Wy

where the correlation coefficient, k, was evaluated
at_a constant water flowrate of 3.15 g/sec, and

Dyis is given in cm™ The highest and Towest
vaﬁues of k differ by approximately 10 percent.
This variation between atomizers is somewhat greater
than desired in the design of an array of atomizers
for application in a combustor or an icing wind
tunnel and it was attributed to variations in physi-
cal dimensions of the atomizers such as tubing size
and the 0.32 cm diameter orifice.

Effect of Axial Sampling Distance on Characteristic
Drop Size

The entire spray was sampled at axial distances
of x = 2.2, 4.4, and 6.7 cm where X is the dis-
tance from the atomizer orifice to the center line
of the laser beam as measured along the spray center
line. Water flowrate was held approximately con-
stant at 3.15 g/sec and characteristic drop diame-
ters, Dy 5 and D3», were measured and plotted
against nitrogen gas flowrate, Wh, as shown in
Figs. 5(a) and (b). A1 of the atomizers were used
for this series of tests, and the data plotted in
Fig. 5(a) show that:

-1 1.33
Dv.5 wn
-1 1.2
Dv.5 wn
-1 _ 1.0
Dv.5 wn

at values of X = 2.2, 4.4, and 6.7 cm, respec-
tively. Figure 5(b) gives similar results for the
Sauter mean diameter, D3o.

In the preced1ng expressions, Dy g5~ w1 3 as
obtained at x = 2.2 cm, agrees with fhat q1ven by
atomization theory for 11gu1d jet breakup in the
acceleration-wave regime.

Measurements cbtained at X = 2.2 cm are less
affected by vaporization and dispersion of the very
small droplets as compared with measurements made
farther downstream from the atomizer orifice.
Values of the exponent, n, obtained in other

experimental studies are also shown in Table 1 for
comparison with atomization theory.

Comparison of Characteristic Drop Size Expressions

Characteristic drop diameters, D, D30, and
D31, were determined using atomizer S- 92 to produce
sprays which were sampled at downstream distances of

=2.2, 4.4, and 6.7 cm. In Figs. 6(a) to {c) the
reciprocals of the characteristic drop diameters
D;%S, D;%, and Dgi with units of cm_1
plotted against nitrogen gas flowrate raised to the
exponent a, which was determined from Fig. 5 as a
function of the spray sampling distance X. From
the plots shown in Fig. 6, the values of the corre-
lation coefficient k were determined and the fol-
lowing general expression was derived:

are

where D. 1is a characteristic drop diameter. At
the sampling distance of X = 2.2 cm, the following

expressions were obtained:

-1 1.33
Dv.5 = 240 W
-1 1.33
D32 = 320 wn
l 1.33
31 = 400 w

The correlation coefficient, k, and nitrogen gas
flowrate exponent, a, are given in Table 2 for com-
parison. It is interesting to note that at any of
the three sampling distances, the value of k var-
ied by only about +6 percent whereas the exponent

a changed from 1.33 to 1.0 when X was increased
from 2.2 to 6.7 cm. These results indicate that
vaporization and dispersion of the small drops had
only a minor effect on the correlation coefficient
k but a major effect on the exponent a.

Profiles of Characteristic Drop Diameter, Dy g

The beam height of the scattered-light scanner
was reduced from 4.4 to 0.64 cm and line-of-sight
measurements of the characteristic drop diameter
were obtained at several horizontal locations in
each spray. Measurements were obtained for the
four atomizers S-4, S~ 14, S-53, and S-94 and values
of Dv 5 are plotted against horizontal location
as shown in Fig. 7. The spray profile data were
obtained for the four atomizers at constant water
and nitrogen gas flowrates and an axial downstream
sampling distance of X = 4.4 cm.

Peak values of Dy at the liquid jet center
1ine were reduced near%y 50 percent, from approxi-
mately 60 to 30 um, when the nitrogen gas flowrate
was increased from 1.59 to 2.59 g/sec. A similar
reduction in DV 5 occurred near the upper and
lower fringes of the sprays. The asymmetry of the
spray profiles was attributed to the effect of
gravity on the drops and also to slight misalign-
ments of the center tubes of the various atomizers.
Values of Dv 5 show relatively good uniformity

of drop s1ze for the four atomizers. Differences in
values of D for the four atomizers were in

the order of 10 to 20 percent.



Characteristic Exponents for Drop-Size Distribution
Expressions

The scattered-light scanner gave data for the
exponent Ny, which appears in the Rosin-Rammler
expression as follows:

N
e '
X

Data were also obtained for the exponent N,
which appears in the Nukiyama-Tanasawa expression
as follows:

6/Nn N
dv b 0 e—bx
dx ~ ri6/Nn5

fFrom a plot of the data obtained with the four
atomizers, as shown in Fig. 8 the following relation
was determined:

n

a

Nr = 2.8Nn'

which is the same as that derived in Ref. 1. Thus
it was found that although the downstream distance,
X, was varied from 2.2 to 6.7 cm, the relation
between the exponents was not appreciably affected
by vaporization and dispersion of the small
droplets.

Concluding Remarks

When characteristic drop diameters of water
sprays were measured with the scattered-light scan-
ner at a distance of 2.2 cm downstream of the ori-
fice of a pneumatic two-fluid atomizer, values of
D;}S, D;;, and D;% were obtained that could
be correlated with nitrogen gas flowrate raised to
the 1.33 power. This exponent of 1.33 is the same
as that derived theoretically in Ref. 5 for liquid
jet atomization in the acceleration-wave breakup
regime. The fact that experimental results agreed
with atomization theory was attributed to a negli-
gible loss of small droplets due to vaporization and
dispersion affects. These affects were not negli-
gible at a distance of 6.7 cm downstream of the
atomizer orifice, where the exponent decreased to a
value of 1.0. When the laser beam was positioned
at a distance of less than 2.2 cm from the atomizer
characteristic drop diameters increased markedly
due to incomplete breakup of the liguid jet. With
atomizer 5-94, at a water flowrate of 3.15 g/sec
and a sampling distance of 2.2 cm, the following
expressions for characteristic drop diameter of the
initial spray were obtained:

D_1 = 240 w1'33
v.5 n

-1 1.33
D32 = 320 wn

-1 1.33
D31 = 400 wn

which agree well with atomization theory.

Profiles of characteristic drop diameters were
also determined from line-of-sight measurements
made with the scattered-light scanner. Such data
are useful in comparing the performance of similar
atomizers by providing information concerning the
spatial dispersion of drop size characteristics
within the spray cross secticn. Reproducibility of
the spray data were within £5 percent. Also, it
was found that experimental values of the exponents
Np and N, for the drop-size distribution expres-
sions, were not appreciably affected when the samp-
ling distance, x, was varied from 2.2 to 6.7 cm
downstream of the atomizer orifice.
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FIGURE 1. - APPARATUS AND AUXILLIARY EQUIPMENT.
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than the value of 1.2 which was previously obtained at a sampling distance of 4.4 cm downstream of
the atomizer. The difference is attributed to the face that drop-size measurements obtained at a
2.2 cm sampling distance are less effected by vaporization and dispersion of small droplets and
therefore should give better agreement with atomization theory. Profiles of characteristic drop
diameters were also obtained by making at least five line-of-sight measurements across the spray at
several horizontal positions above and below the center line of the spray. Comparisons of spray
symmetry of Dy, g profiles were made for the four identical atomizers and values of D, 5 obtained
near the spray center line were found to be considerably higher than the overall values of Dy g
obtained for the entire spray.
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